The soot emission has been the focus of many studies due to applications in industry and the prejudicial effects caused to the environment. The presence of soot is important to the heat transfer in boilers and combustion chambers, contributing significantly to efficiency increases. In controversy, the inhaled soot may cause respiratory system damage and even cancer. Another important point is the contribution to the greenhouse effect. Therefore, the aim of this work is to analyse the soot emission in laminar diffusion flames produced from commercial fuels stabilized on a burner representative of industrial applications. Methane, vehicular natural gas and liquid petroleum gas are considered as fuels. An experimental setup was constructed to implement the technique of laser light extinction and laser-induced incandescence. These non-intrusive techniques provide instant information, in real time, about soot volume fraction. The measurements were calibrated and validated using methods and results of studies available in the literature, and also the uncertainty is analysed and suitably minimized. The results will contribute to the database for projects of combustion systems optimization, aiming to increase the efficiency and soot emissions control.
Introduction
The aim of this work is the soot and radiation emission analysis in laminar diffusion flames produced by commercial gases distributed in Brazil to cook, Liquefied Petroleum Gas (LPG) and to automobile industry, Natural Gas Vehicle (NGV). Laminar diffusion flames of 80 mm visible height stabilized on a Burke-Schumann burner are considered, including using CH 4 in order to validate the measurements.
The soot is an important participate media in the thermal radiation exhibiting a fundamental role in the heat transfer within combustion systems. Thus, the interest of measuring the soot emissions is given by the importance of the process of soot production in flames, which enables controlling the basic elements of hydrocarbon combustion [1] .
The soot emission has been the focus of many studies due to applications in industry and also the prejudicial effects caused to the environment [2] . The presence of soot is of fundamental importance to the heat transfer in boilers and combustion chambers, contributing significantly to increased efficiency of these systems. In controversy, the inhaled soot may cause respiratory system damage and even cancer. Moreover, another important aspect is the contribution to the greenhouse effect. The atmospheric pollution is strongly associated with the industry and automotive soot emissions, contributing to considerable global warming [3] . In this way, many studies are being done in order to investigate the soot formation [4, 5] .
There are several techniques being able to measure the soot properties, each having specifics skills and limitations. In this work an experimental setup is built to implement the techniques, which use laser light extinction (EXT) to calibrating the results achieved and laser induced incandescence (LII) [6, 7] . The LII technique measurements are desired because they provide high spatial resolution. These non-intrusive techniques provide instantaneous information in real time of local soot volume fraction and soot particle size employed in combustion [8, 9] . The measurements are calibrated and validated by using methods and results available in the literature [10, 11] .
The results could contribute to the basis for combustion systems optimization, aiming to assist projects in order to increase the energy efficiency and soot emissions control.
Experimental Approach

Burner Configuration
The study is performed in laminar diffusion flames using a burner of configuration proposed by Burke-Schumann [12] , in which two concentric tubes are used, the internal one with 4.7 mm and the external with 45.0 mm of diameter, in order to guaranty an axisymmetric laminar flame. The internal tube is responsible to the fuel stream and the external by the air stream in coflow. Figure 1 shows the burner setup with components dimensions.
The volumetric flows are measured using a flowmeter to air (AppliTech), scaled of 15 -160 slpm, 2% of uncertainty, and also a flowmeter to fuel (ASA), ranging from 0.15 to 1.4 slpm, 5% of uncertainty. The approximated flows and velocities yielded to the flames are shown in the Table 1.
Flames Aboard
The subject of this work is flames of 50 mm of visible height, as can seem in the and air are monitored, also the velocities of these flowfields, for each flame.
Experimental Approach
Laser Light Extinction Technique
The approach used for calibration is shown in the Figure  3 . This setup is applied to perform the laser light extincttion technique, which consists to focus the laser beam in the flame and capture the light transmitted. The extinction of the light, i.e., the difference between the intensity after and before the laser beam passes through the flame is proportional to the mean soot volume fraction in the line of sight. As proposed by the BeerLambert law applied to soot analysis [10] . The flame thickness is measured performing a digital image processing, counting pixels with calibrated dimensions at different flames heights. The extinction coefficient, 7.8, was taken from the literature [13] and compensated to the laser wavelength used in this work.
The results obtained from this application are mean and global, nevertheless, are usefulness to calibrate the qualitative results achieved by LII [10, 11] , which provide spatial resolution. The illumination in the extinction technique system consists of a wave continuum Argon ion laser of 514.5 nm of wavelength and light power of 2 W. Open Access MME N. R. CAETANO ET AL.
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The detection system is a photomultiplier tube (PMT), Hamamatsu, 931A. The measurements are taken spaced 10 mm in the longitudinal direction each other with cadence of 10 Hz during 60 seconds totalizing 600 samples in order to get statistical confidence.
Laser Induced Incandescence Technique
The results of soot volume fraction, f v , obtained by LII measurements were taken using the assemblage shown in the Figure 4 , as proposed by [6, 7] . The produced information by this system is local, i.e., provide results about soot concentration of the flame presenting high spatial resolution, circa 0.5 mm in this work. For this measurements is require a pulsed laser Nd: YAG, New Wave, with 532 nm of wavelength and 33 mJ per pulse in a cadence of 30 Hz in order to induce the incandescence of soot when the beam is focus on a small volume in the flame, transmitting an energy of about 0.7 J/cm 2 . This signal of incandescence is captured by the PMT aided by a band-pass filter, which is centered in 650 nm, used to avoid the noise of the flame and background. The incandescence signal intensity is measured using an oscilloscope Tektronics, TDS 210, coupled in a computer.
Measurements Uncertainty
In the development of the experiments were found many difficulties that could yield low accuracy to the measurements. However, possible solutions were proposed to each problem. The flame instability causes by the flow controller absence affected on the signal detected. The light emitted by the flame alters the intensity of light captured by the sensors and also the flame oscillations at the top position changes the LII measurements results. Thus, was used a band-pass filter for increasing the signal to noise ratio. Nevertheless, the signal intensity belong small become difficult the measurements of low values in regions where small f v are present, as found in the flame basis.
The laser power supply varies producing intensity variations. In order to avoid this problem a largeintegration time was used to take the signals. Also, the pres- ence of dust in the laboratory and the soot accumulation in the room along the experimental time are important factors to increase the uncertainty.
The uncertainty in soot volume fraction measurements involves the following components as source to the laser light extinction technique, 1) laser light intensity, ± 6%; 2) soot extinction coefficient, ± 8%; 3) laser light wavelength, ± 2%; 4) flame thickness, ± 1.5%. Thus, the total uncertainty in light extinction measurements is obtained by the propagation yielding circa ± 10.5%.
The measurement uncertainty in LII is estimated using the relative deviation from the results achieved by laser light extinction, which provide quantitative global values of f v . Toward determine this uncertainty was considered the methane flame, taken in account the discrepancy, which was estimated as roughly ± 6%.
Results and Discussion
Measurements Validation
The results achieved to the methane flames are compared with the literature [9] , in order to validate the measurements for different fuels, NGV and LPG, are shown in the following graph. The results present the soot volume fraction, f v , on each 10 mm height, h, at the longitudinal direction of the flame.
The results of this work have shown in agreement with the literature, circa ± 20% of maximum discrepancy, as illustrate in the Figure 5. 
Experimental Results
The mean results obtained using light extinction (EXT) and LII for different fuels are shown in the Figure 6 . The values of f v for LPG are higher for both cases and the CH 4 are generally 50% smaller. The NGV exhibits roughly 20% less soot compared with LPG. To measure in the extremities of the flame was found some difficulties, both top and bottom, due the instability at the top region of the flame and, also, the low values of soot volume fraction in the bottom region. The behaviour of the values agrees with published by [11] . The precursor of the soot is formed in the flame base by the excess of fuel and reaches the maximum concentration at the medium where the high temperature starts the oxidation the aggregates and the soot concentration decreases.
The results of f v just above the burner, around 10 mm, where the precursors of soot are formed, exhibits very low values, around 0.01 ppm or 10 ppb, so that it is difficult to measure accurately. In the other hand, the maximum values of f v are found in the range from 30 to 40 mm in the longitudinal positions, presenting values about 0.3 ppm. Whereas, downstream this region is noted a smooth decrease of the f v values, between 40 and 50 mm, circa 0.2. This behaviour is due the oxidation of the agglomerates, as described by literature [11] .
The behaviour of the results obtained using LII in the LGP flame measurements agree with those from light extinction, including to the all of fuels studied in this work. However, the LPG fuel shown higher values of f v , followed by NGV and CH 4 . It was expected, considering the carbon number in the chemical structure, that the sequence LPG, NGV and CH 4 , respectively, presents the higher to low soot emissions due the same combustion conditions, i.e., in a laminar diffusion flame, in which the carbon content into the fuel requires to diffuse an oxygen from the surrounding air to reaction occurs. This happens because the LPG is formed by propene and butane (C 3 H 8 , C 4 H 10 ), while NGV is composed by approximately 80% of CH 4 and 20% of other hydrocarbons like ethane (C 2 H 6 ), propane and butane.
Signal Processing
Furthermore, the LII technique was used to take local measures with enough spatial resolution in order to create transversal profiles at each longitudinal measurement height. Thus, the fit between f v values measured by both techniques are in agreement, 5% maximum discrepancy, regarding the measurement uncertainty attributed to this technique and the level of correlation. Thus, these results corroborates to the validity of the behaviour achieved globally by the light extinction and, locally, with LII measurements.
Conclusions
Techniques used to determine the soot volume fraction presented coherent results compared with the literature, values and relation.
Thus, the total uncertainty in light extinction measurements is obtained yielding circa ± 10.5%. The measurement uncertainty in LII is estimated as roughly ± 6%. The difficulties and uncertainty sources can be minimized by using optical filters, stable supplies and flow controllers.
The behaviour of the LII data related to f v as function of the flame height fitted with results of extinction results. The compatibility between these methods was observed, allowing performing global measurements with light extinction, leading to use LII to obtain spatial resolution and particle diameter results, from other fuels, in future works.
Experimental results showed, as expected considering the number of carbon in the chemical structure, that the LPG has the higher f v values, followed by NGV and CH 4 , respectively, i.e., the higher to smaller soot emissions produced by the commercial fuels. The values of f v for LPG are higher because both cases and the CH 4 are generally 50% smaller. The NGV exhibits roughly 20% less soot compared with LPG. The behaviour of the results obtained by using LII flame measurements agrees with light extinction.
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